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Species in the genus Colletotrichum have mating systems that deviate from those of other genera in the
Ascomycota, and for many species only the anamorph is known. The teleomorph of Colletotrichum lentis
is inducible in vitro, but has not been reported in nature. A molecular population study based on
ampliﬁed fragment length polymorphisms was conducted on 179 ﬁeld isolates from lentil ﬁelds in the
Canadian province of Saskatchewan. More than 94% similarity was observed among isolates, and 130 of
131 isolates sampled from a single ﬁeld shared the same haplotype. Genotypic diversity was equal to
0.47, and association indices IA and rd were signiﬁcantly different from zero. A linkage between mating
incompatibility group (mIG) 1 and race 0 was observed among ﬁeld isolates, but F1 isolates from a cross
between an mIG-1/race 0 and an mIG-2/race 1 isolate revealed free recombination of both traits. Results
indicate that this fungus does not, or very rarely, sexually reproduces under ﬁeld conditions.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Sexual reproduction is costly to fungi, as it is for all organisms,
but has the advantage of generating sexual structures vital for the
survival of some species in adverse environmental conditions, and
more importantly, of creating genotypic variation through recom-
bination which provides opportunity for loss of harmful genes
whilst combining genes beneﬁcial for survival (Brown,1999). In the
case of fungi that are pathogens of agricultural crops, virulence is a
major trait that determines the competitiveness of an individual in
the population. The durability of resistance in agricultural crops
very much depends on the biology of the pathogen, and sexually
reproducing pathogen populations with high variability may pose a
major constraint to the success of resistance breeding programs
(McDonald and Linde, 2002).
In ascomycetes, mating systems are diverse but most often
species are either self-compatible (homothallic) or self-
incompatible (heterothallic) (Kronstad and Staben, 1997). Mating
in nearly all heterothallic species described to date is controlled by
a single locus/two alleles system which determines a two-mating-
type polarity. The two alleles have been described as idiomorphsiza).
Ltd. This is an open access article udue to the complete lack of sequence identity, and are commonly
referred to as MAT1-1 and MAT1-2 (Turgeon et al., 1993; Turgeon
and Yoder, 2000). Homothallic species usually possess both idio-
morphs in tandem in the same nucleus (Yun et al., 1999), but other
mechanisms exist that can lead to a homothallic phenotype
(reviewed in Billiard et al., 2011).
The genus Colletotrichum is an exception, with all species stud-
ied to date having unusual mating systems that do not conform to
these two categories. For Colletotrichum gloeosporioides, a system of
unbalanced heterothallism was proposed, where each partner of a
fertile cross carries mutated fertility gene(s) that either can com-
plement each other (cross fertility) or not (cross sterility)
(Edgerton, 1914;Wheeler and McGahen, 1952; Wheeler, 1954). This
system was also considered for Colletotrichum graminicola, where
the presence of another isolate was thought to induce selﬁng
(induced homothallism) (Vaillancourt et al., 2000).
The anthracnose pathogen from lentil, previously identiﬁed as
Colletotrichum truncatum, but recently distinguished as the new
species Colletotrichum lentis (Damm et al., 2014) can be induced to
mate under laboratory conditions (Armstrong-Cho and Banniza,
2006) , with perithecia being formed within 10e14 d by pairing
isolates on sterile lentil stems. No selﬁng was observed, but two
mating incompatibility groups (mIG1 andmIG2) were identiﬁed, all
isolates of which have the HMG box characteristic for the MAT1-2nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Cho and Banniza, 2006; Menat et al., 2012). Mating conditions in
the laboratory were not very different from those potentially
encountered in the ﬁeld hence raising the possibility for mating of
C. lentis to occur in nature. However, sexual structures have never
been reported from lentil plants infected with C. lentis under nat-
ural conditions. One speciﬁc concern in this species is the existence
of two pathogenic races with different levels of aggressiveness, the
more aggressive race 0 and the less aggressive race 1 (Buchwaldt
et al., 2004; Armstrong-Cho et al., 2012). Lentil varieties partially
resistant to the less aggressive race 1 are available (Vandenberg
et al., 2002; Buchwaldt et al., 2004), and germplasm is in devel-
opment with partial resistance to the more aggressive race 0 (Tullu
et al., 2006; Fiala et al., 2009; Vail and Vandenberg, 2011). The
emergence of any new race with different modalities of aggres-
siveness and different responses to available resistant cultivars
could have important implications for lentil cultivation.
Detecting perithecia or ascospores in ﬁeld settings is difﬁcult,
primarily due to the small size of structures and contamination of
plants with other fungi. Instead, the population structure and di-
versity of ﬁeld isolates of C. lentis was investigated here by ampli-
ﬁed fragment length polymorphism (AFLP) ﬁngerprinting, to
estimate the extent of linkage disequilibrium. Further evidencewas
collected by determining whether isolates of the two mating in-
compatibility groups required for mating coexisted on a small scale
in lentil ﬁelds that enabled physical contact, and if co-existing
isolates were effectively cross-fertile.
2. Materials and methods
2.1. Isolates
A total of 230 monoconidial isolates were utilized, 192 of which
were ﬁeld isolates of C. lentis collected from across the lentil
growing area of the province of Saskatchewan, Canada, between
2001 and 2008, two were received from Agriculture and Agri-Food
Canada, Saskatoon Research Centre, and had been isolated in
Manitoba in 1995, and 36 were ascospore-derived isolates from a
cross developed previously from CT-21 (race 1, mIG2) CT-30 (race
0, mIG1) (unpublished data) (Table 1).
Fifty-nine of the above 192 Saskatchewan ﬁeld isolates were
obtained from infected lentil plant material collected in 39 arbi-
trarily identiﬁed, commercial ﬁelds to capture diversity at the
provincial level. A single lentil ﬁeld near Dysart in south-eastern
Saskatchewan, Canada, with severe anthracnose infestation was
intensively sampled in 2008. Infected plant material was collected
from 3 transects approximately 10 m apart, with 6 sampling points
approximately 10 m apart on each transect. At each sampling point,
samples from ﬁve neighbouring plants were collected, and up to
four isolates per plant were isolated for a total of 134 isolates. The
exact location of each isolate in the ﬁeld was recorded.
For all ﬁeld isolates, stem lesions were excised from the plant
and were surface-sterilized for 3 min in a 10% sodium hypochlorite
solution, washed in sterile water and placed in Petri dishes con-
taining potato dextrose agar (PDA, DifcoTM, Becton, Dickinson &
Co., Sparks, Maryland, U.S.A.) amended with streptomycin. After a
few days of incubation at 22 C, colonies were examined under the
microscope for morphological features characteristic of the species
and mycelium or spores were transferred onto fresh PDA amended
with antibiotics. Once sporulation was observed, spores were dis-
lodged, diluted in sterile water and streaked onto fresh PDA. For
some tissues heavily contaminated by other fungal species, conidial
masses from acervuli characteristic for C. lentiswere dislodged with
a scalpel from the plant tissue and streaked onto PDA amended
with antibiotics. After 24 h, three germinated conidia weretransferred individually to new plates with the help of a dissecting
microscope and the species was conﬁrmed based on conidial
morphology. Isolates were routinely cultured on oatmeal-agar
medium (OMA: 30 g oatmeal ﬂour [Quick Oats Robin Hood,
Smucker Food of Canada, Markham, Ontario, Canada], 8.8 g gran-
ulated agar [Difco™, Becton, Dickinson & Company, Sparks, MD,
USA], 1 L distilled water) and incubated at 22 C with a 12 h
photoperiod.
Different sets of isolates from this collection of 230 isolates were
used for the molecular population study, for determining mating
incompatibility groups and for race identiﬁcation. These sets of
isolates are described in the relevant section below.
2.2. Molecular population study
A molecular population study based on ampliﬁed fragment
length polymorphisms was conducted on 179 isolates, 48 of which
came from 33 ﬁelds, and 131 originated from the single lentil ﬁeld
at Dysart (Table 1).
Liquid cultures were obtained by inoculating 40 ml centrifuge
tubes containing 25 ml glucose yeast medium (1 g NH4H2PO4 [EM
Science], 0.2 g KCl [OmniPur®, EMD™], 0.2 g MgSO4$7H2O [EM
Science], 10 g glucose [BDH®], 5 g yeast extract, 0.01 g ZnSO4$7H2O
[EM Science], 0.005 g CuSO4$5H2O [EM Science], 1 l distilled water)
with small amounts of mycelium from 5 to 7 d cultures and incu-
bating in a shaker (Model SI-600, Lab Companion, Jeio Tech, Seoul,
Korea) at 23 C and 130 rpm for 5e7 d. Mycelia were harvested by
centrifugation, stored at 80 C for 48 h in 2 ml microcentrifuge
tubes and subsequently lyophilized for 2 d in a Labconco cryo-
freezer (Labconco Corp., Kansas City, MO, USA). Freeze-dried
mycelium was coarsely powdered with a pipette tip and DNA was
extracted following a protocol modiﬁed from Raeder and Broda
(1985). In a microcentrifuge tube, 1 ml of extraction buffer consti-
tuted of 200 mM Tris HCl pH 8.5, 250 mM NaCl, 25 mM EDTA and
0.5% SDS was added to approximately 1 ml of powdered mycelium.
The tubes were manually shaken before being incubated for 30min
at 37 C. After adding 500 ml of 24:24:1 phenol/chloroform/isoamyl
alcohol, the tubes were shaken again and centrifuged for 30 min at
13,000 g. The upper aqueous phase was transferred to a new
microcentrifuge tube and 25 ml of RNAse Awere added followed by
incubation at 37 C for 10 min. An equal volume of chloroformwas
added and the solution was centrifuged for 10 min at 13,000 g. The
upper aqueous phase was transferred into a new microcentrifuge,
and DNA was precipitated with  0.5 that volume of ice-cold iso-
propanol. The solution was then kept at 20 C for at least two
hours to allow DNA to settle. After a short centrifugation, the liquid
was discarded carefully to avoid disturbing the pellet. The pellet
was washedwith 70% ethanol, dried overnight and re-suspended in
100 ml sterile 10 mM Tris HCl at pH 8, and 1 mM EDTA.
To identify primer pairs that generated strong polymorphic
markers, eight isolates of C. lentis (CT-20, CT-21, CT-30, CT-31, CT-39,
CT-58, CT-59, CT-60) were chosen as they represented a highly
variable set in terms of geographical origin and crop year to
maximize the potential for genetic variability and to represent
every available combination of mating incompatibility and race
identity available. AFLP analysis was performed according to Vos
et al. (1995) with some modiﬁcations. Digestion and ligation of
DNAwere performed with the IRDye Fluorescent AFLP kit for Large
Plant Genome Analysis (LI-COR Biosciences). A 1:10 dilution of the
PCR products was performed for use in pre-ampliﬁcation.
For pre-ampliﬁcation, the oligonucleotides primers EcoRI þ A
and MseI þ C were used. PCR was performed as follows: for a 50 ml
reaction, 2.5 ml of diluted digested/ligated mixture were added to
5 ml 10X PCR reaction buffer (100 mM TriseHCl (pH 8.3), 150 mM
Mg-acetate, 500 mM K-acetate)), 1.5 ml of 50 mM MgCl2, 1 unit of
Table 1
Identiﬁcation number (ID), origin, year of collection, mating incompatibility group (mIG), race identity and inclusion in AFLP ﬁngerprinting of isolates of Colletotrichum lentis
collected from lentil ﬁelds in Saskatchewan and Manitoba, Canada, or derived from a cross of isolates CT-21 (race 1, mIG2)  CT-30 (race 0, mIG1). SK ¼ Saskatchewan,
MN ¼ Manitoba, IF ¼ infertile.
ID Origin Year mIG Race AFLP ID Origin Year mIG Race AFLP
CT-13 SK 2001 2a CT-377 Simpson ﬁeld 1, SK 2008 √
CT-20 Oungre, SK 2001 1a,b 0 √ CT-378 Simpson ﬁeld 2, SK 2008 √
CT-21 North Battleford, SK 2001 2a,b 1 √ CT-379 Clavet, SK, SK 2008 2 0 √
CT-28 SK 2001 1 CT-380 Clavet, SK, SK 2008 2 0 √
CT-30 Drinkwater, SK 2001 1a,b 0 √ CT-381 Clavet, SK 2008 √
CT-31 Osage, SK 2001 0 √ CT-383 Tuxford, SK 2008 2 0 √
CT-32 Bateman, SK 2001 1a,b 0 CT-384 Tuxford, SK 2008 2 1 √
CT-34 Manitoba 1995 0 CT-386 Rouleau, SK 2008 √
CT-35 Manitoba 1995 1 CT-387 Rouleau, SK 2008 √
CT-37 Grandora, SK 2004 2a 0 CT-392 Belle Plaine, SK 2008 2 0 √
CT-38 Saskatoon, SK 2004 1a 0 CT-393 Belle Plaine, SK 2008 2 √
CT-39 SK 2004 2a 1 √ CT-396 Regina, SK 2008 √
CT-43 Regina, SK 2004 2a 1 CT-397 Regina, SK 2008 1 0 √
CT-44 SK 2004 1a 0 CT-400 Forgan ﬁeld 1, SK 2008 2 1 √
CT-45 Regina, SK 2004 2a 0 CT-401 Forgan ﬁeld 2, SK 2008 √
CT-46 Regina, SK 2004 2a 0 CT-403 Forgan ﬁeld 3, SK 2008 √
CT-47 Regina, SK 2004 0 CT-404 Forgan ﬁeld 4, SK 2008 2 1 √
CT-48 Regina, SK 2004 1a 0 CT-406 Dinsmore, SK 2008 2 √
CT-58 Regina, SK 2004 2a √ CT-408 Dinsmore, SK 2008 2 0 √
CT-59 Regina, SK 2004 1a 0 √ CT-410 Vanscoy, SK 2008 √
CT-60 Regina, SK 2004 2a 0 √ CT-411 Delisle, SK 2008 √
CT-181 Dysart, SK 2008 1 0 CT-417 SK 2008 0 √
CT-182 Dysart, SK 2008 1 √ CT-418 SK 2008 2 0 √
CT-183 Dysart, SK 2008 IF 1 √ CT-419 SK 2008 √
CT-184 Dysart, SK 2008 2 0 √ CT-420 SK 2008 √
CT-185 Dysart, SK 2008 1 0 √ CT-421 SK 2008 √
CT-186 Dysart, SK 2008 2 0 √ CT-422 SK 2008 2 0 √
CT-187 Dysart, SK 2008 2 0 √ GT-10 CT-21  CT-30 2007 1 1
CT-188 Dysart, SK 2008 1 0 √ GT-13 CT-21  CT-30 2007 1 1
CT-189 Dysart, SK 2008 2 0 √ GT-15 CT-21  CT-30 2007 2 1
CT-190 Dysart, SK 2008 2 0 √ GT-30 CT-21  CT-30 2007 1 0
CT-191 Dysart, SK 2008 2 0 √ GT-42 CT-21  CT-30 2007 2 0
CT-192 Dysart, SK 2008 2 0 √ GT-52 CT-21  CT-30 2007 2 1
CT-193 Dysart, SK 2008 √ GT-55 CT-21  CT-30 2007 2 1
CT-201 Dysart, SK 2008 IF GT-59 CT-21  CT-30 2007 2 0
CT-209 Dysart, SK 2008 1 0 GT-60 CT-21  CT-30 2007 1 1
CT-222 to CT-230 Dysart, SK 2008 √ GT-65 CT-21  CT-30 2007 1 0
CT-231 Dysart, SK 2008 2 0 √ GT-70 CT-21  CT-30 2007 1 0
CT-232 Dysart, SK 2008 √ GT-76 CT-21  CT-30 2007 2 1
CT-233 Dysart, SK 2008 2 0 √ GT-82 CT-21  CT-30 2007 2 0
CT-235 to CT-254 Dysart, SK 2008 √ GT-85 CT-21  CT-30 2007 2 1
CT-255 Dysart, SK 2008 1 0 √ GT-87 CT-21  CT-30 2007 1 0
CT-256 Dysart, SK 2008 √ GT-90 CT-21  CT-30 2007 2 0
CT-257 Dysart, SK 2008 IF √ GT-91 CT-21  CT-30 2007 1 0
CT-258 to CT-259 Dysart, SK 2008 √ GT-93 CT-21  CT-30 2007 1 1
CT-260 Dysart, SK 2008 1 √ GT-96 CT-21  CT-30 2007 2 0
CT-261 to CT-267 Dysart, SK 2008 IF √ GT-100 CT-21  CT-30 2007 1 1
CT-268 Dysart, SK 2008 2 0 √ GT-108 CT-21  CT-30 2007 1 1
CT-269 to CT-318 Dysart, SK 2008 √ GT-110 CT-21  CT-30 2007 2 0
CT-331 to CT-335 Dysart, SK 2008 √ GT-114 CT-21  CT-30 2007 1 1
CT-337 to CT-345 Dysart, SK 2008 √ GT-147 CT-21  CT-30 2007 1 0
CT-347 to CT-355 Dysart, SK 2008 √ GT-148 CT-21  CT-30 2007 1 0
CT-356 Wilkie, SK 2008 2 0 √ GT-149 CT-21  CT-30 2007 1 0
CT-357 Wilkie, SK 2008 2 0 √ GT-150 CT-21  CT-30 2007 1 1
CT-359 Handel, SK 2008 √ GT-151 CT-21  CT-30 2007 2 0
CT-361 Handel, SK 2008 √ GT-152 CT-21  CT-30 2007 1 1
CT-363 Silton, SK 2008 1 0 √ GT-153 CT-21  CT-30 2007 1 1
CT-364 Silton, SK 2008 2 0 √ GT-155 CT-21  CT-30 2007 2 1
CT-365 Silton, SK 2008 √ GT-156 CT-21  CT-30 2007 2
CT-366 Silton, SK 2008 2 0 √ GT-157 CT-21  CT-30 2007 2
CT-369 Zealandia ﬁeld 1, SK 2008 √ GT-158 CT-21  CT-30 2007 2 1
CT-370 Zealandia ﬁeld 2, SK 2008 √ GT-162 CT-21  CT-30 2007 2
CT-374 Harris, SK 2008 √ GT-163 CT-21  CT-30 2007 2
CT-375 Liberty, SK 2008 √
CT-376 Liberty, SK 2008 √
a Evaluated in Menat et al., 2012.
b Evaluated in Armstrong-Cho and Banniza, 2006.
J. Menat et al. / Fungal Ecology 20 (2016) 66e7468taq polymerase and 40 ml of pre-ampliﬁcation primer mix con-
taining nDTPs and both primers. The PCR reactions were adjusted
to 50 ml with double distilled sterile water. Pre-ampliﬁcation primermix contained 10 ml of MseI primer at 300 ng ml1, 10 ml of EcoRI
primer, 800 ml of dNTP (1.25 mM each) and 3180 ml double distilled
sterile water. For ampliﬁcation, a Perkin Elmer 9600 Thermal Cycler
J. Menat et al. / Fungal Ecology 20 (2016) 66e74 69was used. The program was set as follows: 96 C for 30 s, 56 C for
60 s and 72 C for 60 s for twenty cycles. A 1:50 dilution of the PCR
products was performed for use in selective ampliﬁcations.
The preampliﬁcation step was followed by a selective ampliﬁ-
cation PCR as follows: for a 20 ml reaction, 2.5 ml of diluted pre-
ampliﬁed template were added to 2 ml 10X PCR reaction buffer
(100 mM TriseHCl [pH 8.3], 150 mM Mg-acetate, 500 mM K-ace-
tate), 0.6 ml of 50 mM MgCl2, 1 unit of taq polymerase, 0.1 ml of
300 pM E-primer, 0.09 ml of 350 pMM-primer (Table 2) and 1.6 ml of
10 mM nDTPs. The PCR reactions were adjusted to 20 ml with
double distilled sterile water. The programwas set as follows: 94 C
for 60 s 65 C for 60 s and 72 C for 90 s, for ten cycles, decreasing
the annealing temperature by 1 C per cycle, then, 94 C for 30 s,
56 C for 30 s and 72 C for 60 s for 23 cycles.
Denaturing 6% polyacrylamide gel electrophoresis was prepared
with 29.4 g urea, 6 ml 10 TBE, 9 ml acrylamide/bisacrylamidemix
and 24 ml distilled water. To catalyse the polymerization of acryl-
amide, 70 ml of TEMED and 70 ml of ammonium persulfate were
added just before casting. The gels were run for 2e3 h depending
on the primers, to obtain the best band separation. DNA bandswere
visualized by silver staining.
Eleven primer pairs were tested. Five primer pairs generated
easily scored, polymorphic bands, and were used for further
screening: E-AC (50-GACTGCGTACCAATTCAC-30)/M-CA (50-GAT-
GAGTCCTGAGTAACA-30), E-AC (50-GACTGCGTACCAATTCAC-30)/M-
CT (50-GATGAGTCCTGAGTAACT-30), E-AG (50-GACTGCGTACCAATT-
CAG-30)/M-CG (50-GATGAGTCCTGAGTAACG-30), E-AG (50-
GACTGCGTACCAATTCAG-30)/M-CT (50-GATGAGTCCTGAGTAACT-30)
and E-AG (50-GACTGCGTACCAATTCAG-30)/M-CA (50-GATGAGTCCT-
GAGTAACA-30).
All 179 isolates were subjected to AFLP analysis, and to conﬁrm
reproducibility of the AFLP proﬁles, analyses were repeated on a
subset of 16 isolates, corresponding to the ﬁrst line of each 96-well
PCR plate. These isolates were repeatedly cultured, DNA was
extracted, reactions were prepared and submitted to PCR. This test
showed 100% repeatability of the AFLP pattern.
AFLP proﬁles were scored visually for presence (1) or absence
(0) of clearly identiﬁable DNA fragments, and data were arranged
into a binarymatrix. Isolates were considered to belong to the same
haplotype, and by extension the same clone, when all of the bands
were identical. Genetic similarities were calculated based on Dice's
genetic similarity coefﬁcient (Dice, 1945) and were clustered using
the unweighted pair-group method with arithmetical averages
(UPGMA) (NTSYS- PC 2.10e, Exeter Software). Dissimilarities among
isolates (clone-corrected) were visualized through Principal Co-
ordinates Analysis (PCoA) based on Euclidian distances (MVSP,
Version 3.2.2, Kovach Computing Services, UK).
The genotypic diversity, deﬁned as the probability for two
randomly selected individuals to have different genotypes, was
calculated using the program Arlequin 3.11 (Excofﬁer et al., 2005).
The value of this index is 0 if the population is totally clonal and 1 if
every individual is different.
A clone corrected dataset was used for additional analyses. Prior
to gametic disequilibrium analyses, population differentiation testsTable 2
Selective primers used to screen parental Colletotrichum lentis isolates
CT-21 and CT-30, and the 13 ascospore-derived progeny isolates.
Primer Primer sequence
E-AC 50-GACTGCGTACCAATTCAC-30
E-AG 50-GACTGCGTACCAATTCAG-30
M-CA 50-GATGAGTCCTGAGTAACA-30
M-CG 50-GATGAGTCCTGAGTAACG-30
M-CT 50-GATGAGTCCTGAGTAACT-30were performed to conﬁrm that the collection of isolates could be
considered as a single population. Two datasets comprising two
subsamples based on (1) crop years and (2) sampling locations
were tested. In the ﬁrst dataset, isolates from crop years 2001 and
2004 were considered one subpopulation, those from 2008 the
other subpopulation. The second dataset encompassed a subsam-
ple of isolates from Central Saskatchewan and a subsample from
South-Eastern Saskatchewan, Canada. An exact test of sample dif-
ferentiation based on haplotype frequencies (Raymond and
Rousset, 1995) was performed with the program Arlequin 3.11
(Excofﬁer et al., 2005) using 10,000 Markov chain steps and 5000
dememorization steps. The exact test of sample differentiation tests
the hypothesis of random distribution of isolates between pairs of
populations. Populations were considered signiﬁcantly different at
the signiﬁcance level P > 0.05.
To analyse gametic disequilibrium, the program MULTILOCUS
1.3b (Agapow and Burt, 2001) was used to calculate the index of
association IA (Brown et al., 1980). The multilocus connection
disequilibrium rd was also calculated. It is a modiﬁcation of the
index of association IA that is independent of the number of
sampled loci, and thus unbiased (Burt et al., 2000). For both in-
dexes, 1000 artiﬁcially recombined datasets were created to
determine the statistical value of the test (Agapow and Burt, 2001).
2.3. Determination of mating incompatibility groups
For 16 isolates collected between 2001 and 2004, mIG had been
identiﬁed previously (Armstrong-Cho and Banniza, 2006; Menat
et al., 2012, Table 1). mIG was determined for an additional 18
ﬁeld isolates collected in 2008 from diverse lentil ﬁelds and 27
isolates from the single ﬁeld at Dysart, and 36 ascospore derived
isolates from the cross of CT-21  CT-30 (Table 1). Isolates from the
single ﬁeld at Dysart originated from up to four isolates per plant of
ﬁve neighbouring plants located at four sampling points across the
ﬁeld (Fig. 1). This selection was made to include isolates from
restricted areas, within which water-splash dispersion could have
occurred over short distances (neighbouring plants from the same
sampling point), as well as isolates sampled over greater distances
from one another (sampling points of up to 44 m apart).
All isolates were crossed with the cross-fertile tester strains CT-
21 and CT-30 (Armstrong-Cho and Banniza, 2006), which were also
mated with each other as positive controls. CT-30 was assigned to
be of mating incompatibility group 1 (mIG-1), and CT-21 of mIG-2
(Menat et al., 2012). In addition, for isolates from a single ﬁeld at
Dysart, the ﬁeld isolate CT-188 was crossed with isolates CT-185,
CT-186, CT-187, CT-189, CT-190, CT-191 and CT-192 from the same
ﬁeld.
Formating experiments, the susceptible lentil cultivar Estonwas
grown under controlled conditions (23 C, 16 h photoperiod) until
senescence. The ligniﬁed stems were harvested, cut into 5 cm long
segments and sterilized. Conidial suspensions were prepared by
ﬂooding 2-week old cultures with sterile de-ionized water. The
spore concentration was determined with a haemocytometer, and
suspensions were diluted to 2  105 spores ml1. Five lentil stems
were soaked for 2 h in a mixture of 5 ml of spore suspension of each
of the two isolates to be tested. The ﬁve stems were placed on
Whatman No. 1 ﬁlter paper overlying sterile water agar in Petri
dishes and incubated under optimum conditions for perithecium
formation as described by Armstrong-Cho and Banniza (2006). Four
replicate Petri dishes were prepared for each combination. To
identify fertile crosses, stems were screened for the presence of
perithecia under  40 magniﬁcation (SMZ-U, Nikon, Japan) 10 and
14 d after incubation. A cross was considered fertile if at least one
peritheciumwas found in any of the replicates. Isolates were placed
into mIGs based on cross-fertility patterns.
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Fig. 1. Hierarchical sampling of a lentil ﬁeld infested with Colletotrichum lentis near
Dysart, Saskatchewan, Canada. Sampling points were located along 3 transects 10 m
apart. Six sampling points per transect, indicated by a cross and 10 m apart, were
sampled and a subsample from four sampling points is shown. Five plants were
sampled per sampling point. Circles with numbers indicate isolates with ID number.
Arrows from the same origin indicate that isolates came from the same plant. Mating
incompatibility groups (mIG) 1 and 2 of C. lentis isolates are indicated by colour.
Fig. 2. Principal coordinates analysis, based on Euclidian distances between AFLP
multilocus phenotypes, for 50 isolates of Colletotrichum lentis collected from lentil
ﬁelds in Saskatchewan, Canada. Isolate CT-232 represents 129 other identical isolates
from the same lentil ﬁeld. The plot shows the ﬁrst, second and third coordinates, which
accounted for 31, 17 and 13% of the total variation, respectively.
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among the ﬁeld isolates the values of a one-dimensional chi-square
goodness of ﬁt test were calculated.
2.4. Determination of race identity
Race identity was assessed for 36 isolates from diverse lentil
ﬁelds, 16 isolates from the single ﬁeld at Dysart and for the 32
ascospore-derived isolates. Tests for the determination of race
identity were conducted on the lentil cultivar CDC Robin with
partial resistance to the less aggressive race 1 but full susceptibility
to the more aggressive race 0, and cultivar Eston which is suscep-
tible to both races of C. lentis (Armstrong-Cho et al., 2012). For each
isolate, six seeds were seeded in each of 4 replicate pots for both
cultivars and maintained under controlled conditions with 21e24/
16e18 C day/night and 16 h photoperiod. Pots were arranged in a
split-plot design where isolates were the main plot treatment and
cultivars the subplot treatment. Plants were thinned to four per pot
after germination, and each plant was inoculated with approxi-
mately 2 ml of a conidial suspension of 5  104 conidia ml1 three
weeks after seeding. Pots were placed in plastic sleeves to prevent
cross-contamination and maintain high humidity, and incubated
for 24 h in a humidity chamber with 98% rH. Plants were then
returned to the dry bench for 6e10 d before being rated on a 0 to 10
scale with 10% increments in disease severity. Isolates CT-21 (race1) and CT-30 (race 0) were included in all tests as positive controls.
3. Results
3.1. Molecular population study
The ﬁve AFLP primer combinations resulted in 91 scorable
markers, including 15 (16.48%) that were polymorphic across the
dataset. This corresponds to an average of 18.2 markers per primer.
A total of 29 distinct haplotypes were found among the 179 C. lentis
isolates analysed.
All 131 isolates sampled in a single ﬁeld in Dysart in 2008 shared
the same haplotype, with the exception of isolate CT-233 that
differed from the others by a single marker. However, other isolates
did not always group according to geographic location. Overall,
isolates were very similar with the majority sharing 97% or higher
similarities in AFLP ﬁngerprints based on Dice's coefﬁcient and
UPGMA clustering (data not shown).The largest genetic distance at
6% was found between a group of three isolates (CT-21, CT-39 and
CT-58), and the remaining set of isolates. Dissimilarities among
clone-corrected isolates were visualized through PCoA. The ei-
genvalues of the ﬁrst ﬁve axes exceeded the average of all eigen-
values (Kaiser's rule), and the ﬁrst three axes explained 31, 17 and
13% of the variability. No obvious level of differentiation was
observed among groups of isolates (Fig. 2)
No genetic differentiation was observed based on geographical
location or crop year (P ¼ 1 for both sets of samples). Accordingly,
all isolates were considered to belong to the same population.
Genotypic diversity was equal to 0.47. Gametic disequilibrium
indices were calculated on clone-corrected data. The index of as-
sociation IA was equal to 1.274, and the multilocus connection
disequilibrium rd was equal to 0.094. In the case of total absence of
association of alleles, IA and rd are expected to equal 0. Here, both
were signiﬁcantly different from 0 (P < 0.001).
3.2. Mating incompatibility groups and race identity
Twenty-seven isolates from a single lentil ﬁeld at Dysart were
crossed with tester isolates CT-21 and CT-30. Seven (26%) isolates
crossedwith CT-21 and belonged tomIG-1,10 (37%) isolates crossed
with CT-30 hence belonged to mIG-2 (Table 1), and 10 (38%) (Ct-
J. Menat et al. / Fungal Ecology 20 (2016) 66e74 71183, 201, 257, 261, 262e267) did not cross with either tester isolate
possibly because of low fertility as reported previously from other
isolates (Menat et al., 2012). Both mating types were found at each
sampling point, and on three occasions even on the same plant
(Fig.1). The ratio of 7:10 for mIG-1:mIG-2 did not differ signiﬁcantly
from the expected ratio of 1:1 (c2 ¼ 0.24, P ¼ 0.6242), suggesting
the mating types were present at equal frequencies in the ﬁeld.
To verify that ﬁeld isolates from the same location can be mated,
isolate CT-188, which was determined to be of mIG-1, was crossed
with the seven isolates of mIG-2 sampled at the same sampling
point. In three cases (CT-186, CT-187, CT-189), perithecia were
formed. Fertility varied but was of the same magnitude as that of
the control cross CT-21  CT-30.
Among the 16 isolates of the diverse collection tested previously
(Armstrong-Cho and Banniza, 2006; Menat et al., 2012), 7 (44%)
belonged to mIG-1 and 9 (56%) to mIG-2 (Table 1), which resulted
in c2 ¼ 0.06 and P ¼ 0.8065. Among the 18 additionally tested
isolates from diverse locations, 2 belonged to mIG-1 and 16 to mIG-
2 (Table 1), a ratio that was signiﬁcantly different from a 1:1 ratio
(c2 ¼ 9.38, P ¼ 0.0022). Pooling data of these diverse isolates
collected more recently with the Dysart ﬁeld isolates, or pooling
data of all isolates resulted in ratios for mIG1:mIG2 of 9:26
(c2 ¼ 7.32) and 16:35 (c2 ¼ 6.36), respectively, both of which
deviated signiﬁcantly (P < 0.0118) from the 1:1 ratio that would be
expected under randommating. Among ascospore-derived isolates
from the cross CT-21 (race 1, mIG2)  CT-30 (race 0, mIG1), 18
isolates belonged to mIG1 and 18 to mIG2, ﬁtting the 1:1 ratio that
would be expected for these isolates.
Isolates were grouped into races based on disease severity on
CDC Robin (Armstrong-Cho et al., 2012). Race 1 isolates caused less
than 35% disease severity on plants (X ¼ 21:42, STDERR ¼ 3.43)
compared to more than 60% anthracnose severity induced by race
0 isolates (X ¼ 63.66, STDERR ¼ 3.30).
Pathogenicity testing revealed that among the 36 isolates from
diverse ﬁelds, 28 belonged to race 0 compared to 8 race 1 isolates
(Table 1), which deviated signiﬁcantly from a 1:1 ratio (c2 ¼ 10.02,
P ¼ 0.0015). Fifteen of the isolates from the single lentil ﬁeld at
Dysart were race 0 isolates, whereas only 1 (CT-183) was a race 1
isolate (Table 1), which again deviated signiﬁcantly from a ratio of
1:1 (c2 ¼ 10.56, P ¼ 0.0012). Among the ascospore-derived isolates
from the cross of CT-21 (race 1, mIG2)  CT-30 (race 0, mIG1), 15
isolates were identiﬁed as race 0 and 17 as race 1 (Table 1, Fig. 1),
which did not deviate from the expected 1:1 ratio (c2 ¼ 0.04,
P ¼ 0.8415).
For 30 isolates collected from diverse ﬁelds, 15 from the single
ﬁeld at Dysart and 32 ascospore-derived isolates, mIG identity and
race information was available. Among the 30 isolates from diverse
locations, 9 were mIG-1/race 0 isolates, 15 were mIG-2/race 0 and 6
were mIG-2/race 1 isolates. Five of the isolates from the ﬁeld at
Dysart were mIG-1/race0 whereas 10 were mIG-2/race 0. None of
the 45 ﬁeld isolates were mIG-1/race 1. This ratio deviated signiﬁ-
cantly from 1:1:1:1 (c2 ¼ 15.3, P ¼ 0.0014). In contrast, data of
ascospore-derived isolates revealed that 8 were mIG-1/race 0, 10
were mIG-1/race 1, 7 were mIG-2/race 0 and 7 were mIG-2/race 1,
which was not deviating from a 1:1:1:1 ratio (c2¼ 0.75, P¼ 0.8614)
thus conﬁrming that these two traits were not linked.
4. Discussion
Sexual reproduction occurs infrequently in Colletotrichum spe-
cies, and for most species the teleomorph has not yet been
described in nature. Sexual reproduction of C. lentis can be suc-
cessfully induced under laboratory conditions, but has never been
reported from the ﬁeld. This study was undertaken to determine if
sexual reproduction plays a role in the life cycle of C. lentis. Thestudied population consisted of isolates from diverse geographical
locations in Saskatchewan, sampled from 2001 to 2008 to maxi-
mize the potential for variability. Genetic similarities among
C. lentis isolates based on AFLP ﬁngerprints varied from a low of 94%
to a high of 97%. A single haplotype was shared among 130 isolates
out of 131 sampled from a single lentil ﬁeld suggesting local spread
via asexual conidia. Genotypic diversity was equal to 0.47, and the
gametic disequilibrium indexes IA and rd were signiﬁcantly
different from 0 supporting primarily, or potentially exclusively
clonal reproduction. Predominance of isolates of mIG-2 and of race
0, and lack of mIG-1 isolates with the race 1 trait further indicated
lack of sexual recombination, considering that both traits and their
combinations occurred at equal proportions in ascospore-derived
isolates from the cross of CT-21 (race 1, mIG2)  CT-30 (race 0,
mIG1).
Prior to this study, the only indications of variability in this
species were the presence of two races (Buchwaldt et al., 2004) and
the existence of two mating incompatibility groups (Armstrong-
Cho and Banniza, 2006; Menat et al., 2012), as well as morpho-
logical differences in cultures under laboratory conditions.
Although numerous ﬁelds in the lentil-growing regions of Canada
have been regularly scouted for anthracnose since the emergence
of the disease in the late 1980s, there has been no focus on the
search for sexual structures. Moreover, technical difﬁculties
hamper identiﬁcation of sexual structures in the ﬁeld. Irregular
cycles of sexual reproduction, scarcity of reproductive structures,
and contamination of plant material by other organisms including
saprotrophs are some of the many challenges that can be encoun-
tered hence the employment of alternative approaches here.
Diversity in populations of other Colletotrichum species varies
greatly. In a population of Colletotrichum lindemuthianum from
common bean originating from several Brazilian states and
collected over 7 yr, Dice's coefﬁcient of genetic similarity base on
RAPD markers ranged from 0.42 to 0.97. Some association was
found between genetic similarity, and geographical origin and
pathogenicity, as isolates belonging to the same pathotype had a
tendency to group together (Barcelos et al., 2011). In
C. gloeosporioides, a population from a single Mexican mango or-
chard had genetic similarity ranging from 0.71 to 1 based on RAPD
markers, with very virulent isolates clearly separated from the
moderately and weakly virulent isolates (Rojas-Martinez et al.,
2008). Similar values based on a RAPD analysis of 0.70e1 were
obtained for a collection of C. gloeosporioides isolated from straw-
berry grown in ﬁelds in west-central Florida, USA, and collected
over 4 yr (Xiao et al., 2004). Evenmore variability (Dice's coefﬁcient
0.33e1 based on microsatellite data) was discovered in the same
pathogen on coffee berries collected from several locations in three
provinces of Vietnam. In this case, the isolates clustered by
geographical location (Nguyen et al., 2009). Chala et al. (2011)
studied a collection of Colletotrichum sublineolum from sorghum
sampled fromdifferent regions of Ethiopia. Genetic similarity based
on AFLPs ranged from 0.45 to 0.96 and the isolates also grouped
based on geographic origin.
Genetic similarity among isolates of C. lentis was very high in
comparison, and gametic disequilibrium indices indicated that the
population is not sexually reproducing. Nevertheless, if a single
recombinant period occurs between many asexual generations, a
signiﬁcant proportion of individuals in a populationwill be derived
from asexual reproduction and the genetic constitution of such a
population may appear unchanged (Burnett, 2003). Such faculta-
tive sex is not uncommon in fungi. The frequency of sex in in-
dividuals of species with facultative sexuality appears to be
negatively correlated with their ﬁtness, i.e. when individuals are
maladapted to their environment sexual reproduction tends to
occur more often than in conditions that are favourable to the
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ﬁtness-associated sex in ﬁlamentous fungi was provided for
Aspergillus nidulance where different individuals showed higher
ﬁtness in different environments, and where higher sexual repro-
duction measured as the number of cleistothecia per area of
myceliumwas negatively correlatedwith ﬁtness measured as radial
growth of mycelium (Schoustra et al., 2010).
Although isolates from a single ﬁeld, with one exception, shared
the same AFLP haplotype, they belonged to both mating in-
compatibility groups, which were found in close physical proximity
to each other on single plants. The fact that these isolates are
coexisting at such a small scale, coupled with the fact that several of
them were cross-fertile under laboratory conditions producing
perithecia within 14 d, indicate a potential for sexual recombina-
tion to occur under natural conditions. However, in all ﬁeld isolates
examined here, the mIG-1 trait was always associated with the race
0 trait, but not with the race 1 trait, whereas both traits were freely
recombined in F1 isolates developed in the laboratory from CT-21
(race 1, mIG2)  CT-30 (race 0, mIG1). This supports the hypothe-
sis that outcrossing does not occur in western Canada. Considering
that C. lentis is biologically capable of mating, this suggests that it is
a facultative sexual species that is well adapted to western Cana-
dian conditions, which do not favour sexual reproduction.
Furthermore, following the premise that the frequency of sexual
reproduction is inversely correlated with the ﬁtness of individuals
it can be argued that deleterious mutations may not yet have
accumulated in evolutionary young populations, in particular of
haploid organisms, to negatively affect ﬁtness. Consequently, sex is
absent or so rare that it cannot be detected. Considering that lentil
has only been cultivated inwestern Canada since the late 1960s and
C. lentiswas ﬁrst reported in 1986 (Morrall, 1997), the population of
this pathogen is still very young, so asexual reproduction may still
be the superior strategy despite the fact that the species is capable
of sexual reproduction. Population structure and the presence of
sexual reproduction in the ﬁeld vary among Colletotrichum species.
C. gloeosporioides is a sexual species on some hosts, which has led to
high levels of genetic diversity in some of its populations (Weeds
et al., 2003), but this pattern is uncommon in the Colletotrichum
genus. C. graminicola from sorghum (syn. Colletotrichum sublineola)
is a species for which a teleomorph was obtained in vitro
(Vaillancourt and Hanau, 1992), but is not considered to play a role
in the ﬁeld. Rosewich et al. (1998) identiﬁed low genotypic di-
versity represented by nine different genotypes in the form of
multilocus haplotypes generated with RFLP probes when studying
a collection of 411 isolates sampled in a nursery in three consecu-
tive years. However, gene diversity based on restriction size vari-
ants generated by each probe was moderately high. The gene
diversity of some studied populations of C. graminicola from sor-
ghumwas even higher than that reported for sexually reproducing
fungi. Two hypotheses were proposed: this could either indicate
that there is no direct relationship between genetic variation and
reproduction strategy in this species (Rosewich et al., 1998), or that
sexual reproduction occurs, hence suggesting the need to search for
the sexual stage in nature starting where high genetic variability is
reported (Chala et al., 2011).
Parasexual recombination has been suggested to explain the
genotypic variability in Colletotrichum species when no sexual
reproduction appears to take place. The parasexual cycle is a pro-
cess that can create recombination independently of meiosis in
fungi. It starts with a plasmogamy event between two haploid
hyphae, resulting in a heterokaryotic mycelium. Subsequent kary-
ogamy results in the formation of a diploid nucleus in an otherwise
haploid mycelium. During the following meiosis, recombination is
created by crossing over, and the haploid state is restored (Cole,
1996). Traditionally, different auxotrophic mutants are identiﬁed,then co-cultured and recombinant individuals with both traits of
the original co-cultured isolates are identiﬁed through the use of
selective media. In the case of C. lindemuthianum, sexual repro-
duction is possible under laboratory conditions, but there is no
evidence that it occurs in the ﬁeld. Numerous pathotypes occur
(Hernandez-Godinez et al., 1998), but it was suggested that muta-
tion and parasexuality, not sexual reproduction, were responsible
for this high genetic variability (Rodriguez-Guerra et al., 2003).
Parasexual recombination was demonstrated under laboratory
conditions for this species through co-culturing of auxotrophic
mutants (Castro-Prado et al., 2007), but evidence for this to occur in
nature is lacking. Conidial anastomosis has also been reported in
the genus Colletotrichum that may allow for genetic exchange to
take place (Roca et al., 2004). However, a study by Souza et al.
(2010) suggested that even if linkage disequilibrium was found in
several C. lindemuthianum populations, where it ranged from low to
moderate, this was not inconsistent with the presence of some
sexual reproduction. In another population of C. lindemuthianum
isolated from common bean in various regions of Brazil (Barcelos
et al., 2011), a rd value of 0.1 was reported, and the authors did
not reject the possibility that sexual reproduction events occurred
in this population. The value obtained here for C. lentis (rd ¼ 0.094)
is comparable. Although demonstrating some gametic disequilib-
rium, this value is low compared to what could be expected in
totally clonal populations, and by analogy with C. lindemuthianum,
some level of recombination can be suspected. However, the value
of rd obtained for the population of C. lentis is 2e3 times higher
than what was estimated by Rau et al. (2003) in Pyrenophora teres
f.sp. teres, a fungus known to have regular sexual reproduction,
suggesting that asexual reproduction is predominant and that
randommating, if present, must be a rare occurrence. In a study on
a panel of Colletotrichum isolates classiﬁed as Colletortichum acu-
tatum sensu lato, Guerber et al. (2003) were able to identify distinct
groups on the basis of gene introns, mtDNA and intronRFLP data.
They found that two groups, while encompassing isolates with the
ability to mate under laboratory conditions, had probably not
mated recently and that genetic isolation might have occurred
before reproductive isolation.
An observation described from C. lindemuthianum (syn. Glom-
erella cingulata f.sp. phaseoli) could also partially explain the low
genetic variability and existence of linkage disequilibrium in
C. lentis. In that species, Camargo et al. (2007) showed that plants
inoculated with ascospores exhibited milder symptoms than those
inoculated with conidia. Additionally, in C. gloeosporioides isolated
from Stylosanthes guianensis, the anamorphic and teleomorphic
stages infect the host in a similar manner, but the anamorph ac-
complishes more successful penetrations (Ogle et al., 1986). This
suggests that the individuals originating from sexual reproduction
may have a reduced ﬁtness and, as a consequence, the associated
recombinant characters may not be maintained in the gene pool of
the population. Although ascospores of C. lentis readily mature on
sterilized lentil stems in Petri dishes, can be isolated through
dissection of perithecia and asci and can be regenerated into
ascospore-derived cultures, harvesting sufﬁcient numbers of as-
cospores in this manner for pathogenicity testing is unrealistic.
Experiments to induce perithecia and asci to naturally release as-
cospores have been unsuccessful to date, and as a result experi-
ments to assess the comparative ﬁtness of ascospores and conidia
in infecting lentil leaﬂets are currently not feasible. Mating of iso-
lates on living plants under controlled conditions rather than in a
Petri dish has also not been attempted, but may reveal whether and
in what period of time this can occur on green or senescent plants.
If successful, this could elucidate whether environmental re-
quirements for mating can be met during the short growing season
on the Canadian prairie.
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mechanisms the genetic variability and the relatively low levels of
linkage disequilibrium observed in C. lentis have developed. How-
ever, the presence of two races and two sexual incompatibility
groups in an overall genetically rather homogeneous population
raises the question of the origin of this species in Canada.
Furthermore, although the prevalence of race 0 isolates can be
explained through their comparative advantage in colonizing lentil
plants compared to race 1 isolates, it is more difﬁcult to explainwhy
mIG-2 are more frequent than mIG-1 isolates assuming that this is
not a Type II error due to small sample size. A similar scenario has
been reported from C. lindemuthianum ex Stylosanthus (now
considered to belong to Colletotrichum theobromicola, Weir et al.,
2012) in Australia where two distinct classes of isolates were
differentiated based on the number (2e10) of minichromosomes
(Masel et al., 1993). For Australian isolates, these two classes
correlated with host range, morphology and molecular ﬁngerprints
based onwhich they have been referred to as Type A or B (reviewed
in Weir et al., 2012). However, this association between mini-
chromosome number and other traits was not supported when
analysing isolates of this species ex Stylosanthus from other coun-
tries leading the authors to conclude that Type A and B may
represent distinct lineages that evolved from separate in-
troductions of this pathogen into Australia.
In conclusion, the collection of C. lentis isolates displayed a low
diversity compared to what has been observed in populations of
other Colletotrichum species. Although C. lentis is a sexual species
under laboratory conditions and both mating types coexist in the
ﬁeld, the measurements of linkage disequilibrium and the fre-
quency of mIG/race combinations in individuals suggest that the
studied population is mostly clonal and that sexual reproduction, if
existing, remains a rare event.
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